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We report the growth temperature dependence of the properties of the 
group-IV-based ferromagnetic semiconductor Ge1-xFex films (x = 6.5% and 10.5%), 
including the lattice constant, Curie temperature (TC), and Fe-atom locations.  While 
TC strongly depends on the growth temperature, we find a universal relationship 
between TC and the lattice constant, which does not depend on the Fe content x.  By 
using the channeling Rutherford backscattering and particle-induced X-ray emission 
measurements, it is clarified that about 15% of the Fe atoms exist in the tetrahedral 
interstitial sites in the Ge0.935Fe0.065 lattice and that the substitutional Fe concentration is 
not correlated with TC.  Considering these results, we suggest that the non-uniformity 
of the Fe concentration plays an important role in determining the ferromagnetic 
properties of GeFe. 
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I. INTRODUCTION 
Group-IV-based ferromagnetic-semiconductor (FMS) GeFe is expected to be an 
efficient spin injector and detector which are compatible with Si- and Ge- based devices, 
because it can be epitaxially grown on Si and Ge substrates without a disordered 
interfacial layer or formation of ferromagnetic intermetallic Fe-Ge precipitates.1  One 
of the important characteristics of Ge1-xFex is that the conductivity can be controlled by 
boron (B) doping independently of the Fe concentration x.2  Therefore, when a spin 
current is injected from GeFe to a nonmagnetic semiconductor, we can avoid the 
conductivity mismatch problem and suppress the spin flip scattering at the interfaces.  
However, the Curie temperature (TC) of GeFe is currently at the highest 220 K and the 
detailed mechanism how it is determined has not been clarified yet.3,4,5,6  In this paper, 
we present the growth temperature (TS) dependence of TC and the lattice constant of 
GeFe, that are investigated by magnetic circular dichroism (MCD) and the X-ray 
diffraction (XRD) measurements.  Also, we employ channeling Rutherford 
backscattering (c-RBS) and channeling particle-induced X-ray emission (c-PIXE) 
characterizations to investigate the location of the Fe atoms in the GeFe lattice. 
 
II. GROWTH 
We have epitaxially grown Ge1-xFex thin films with the Fe concentration x of 0.065 
and 0.105 on Ge(001) substrates by low-temperature molecular beam epitaxy 
(LT-MBE).  Figure 1(a) shows the schematic structure of the samples.  The growth 
process is described as follows.  After the Ge(001) substrate was chemically cleaned 
and its surface was hydrogen-terminated by buffered HF solution, it was introduced in 
the MBE growth chamber through an oil-free load-lock system.  After degassing the 
substrate at 400°C for 30 minutes and successive thermal cleaning at 900ºC for 15 min, 
we grew a 30-nm-thick Ge buffer layer at 200ºC, which was followed by the growth of 
a 120-nm-thick Ge0.935Fe0.065 layer at TS = 160 - 280ºC (8 samples) or a 120-nm-thick 
Ge0.895Fe0.105 layer at TS = 200 - 280ºC (6 samples).  After that, we grew a 2-nm-thick 
Ge capping layer at 200ºC to avoid the surface oxidation of the GeFe layer.  We used 
in-situ reflection high-energy electron diffraction (RHEED) to monitor the crystallinity 
and surface morphology of the Ge buffer layer, GeFe layer, and Ge capping layer 
during the growth.  Figure 1(b)-(d) shows the in-situ reflection high-energy electron 
diffraction (RHEED) patterns of (b) the Ge buffer layer surface, (c) 120-nm-thick 
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Ge0.935Fe0.065 layer surface grown at TS = 240°C, and (d) 2-nm-thick Ge capping layer 
surface with the electron-beam azimuth along the <110> direction of the Ge(001) 
substrate.  The diffraction pattern of the Ge buffer layer surface showed intense and 
sharp 2 × 2 streaks, which indicate a 2-dimensional growth mode and exhibit a 
diamond-type single crystal structure, and also the weak Kikuchi lines indicating good 
crystallinity.  The GeFe layer surface showed intense and sharp 2 × 2 streaks but with 
no clear Kikuchi lines.  The Kikuchi lines appeared again after the growth of the Ge 
capping layer. 
 
III. MAGNETIC PROPERTIES 
We have carried out magneto-optical measurements on the GeFe films to 
investigate the TS dependence of TC.  MCD, which is defined as the difference between 
the optical reflectances of right- and left- circular polarized lights, is a powerful tool to 
investigate the magnetic properties of FMSs.7  This is because the MCD intensity is 
proportional to the s,p-d exchange interaction, which is considered to be the origin of 
the ferromagnetism in FMSs, and to the vertical component of the magnetization (M) in 
FMSs.  Figure 2(a) shows the MCD spectra of the Ge substrate (blue curve), of the 
Ge0.935Fe0.065 films grown at TS = 160ºC (violet curve) and 240ºC (green curve), and of 
the Ge0.895Fe0.105 films grown at TS = 200ºC (yellow curve) and 240ºC (red curve), with 
a magnetic field B of 1 T applied perpendicular to the film plane at 5 K.  All the GeFe 
samples show the E1 peak at around 2.3 eV corresponding to the L point of the bulk Ge 
as we can see in the MCD spectrum of the Ge substrate.  These E1 peaks, that are 
enhanced by the s,p-d exchange interaction in all the GeFe films, are the characteristic 
property of FMSs.8  The broad peak (E*) at around 1.4 eV observed in all the GeFe 
samples is thought to be related to the Fe-related impurity bands or d-d transitions.6  
Figures 2(b)–(d) show the B dependence of the MCD intensities measured at 5 K with 
the incident photon energies of the E* (1.5 eV, black curve) and E1 (2.3 eV, red dotted 
curve) for the Ge0.935Fe0.065 films grown at (b) 160ºC, (c) 240ºC, and (d) 280ºC.  Figure 
2(c) also shows the B dependence of the normalized -M (green dotted curve) measured 
by a superconducting quantum interference device (SQUID).  Here, the diamagnetic 
signal of the Ge substrate was subtracted from the raw M data.  As shown in Fig. 2(b) 
and (c), in the Ge0.935Fe0.065 films grown at 160ºC and 240ºC, the shapes of the MCD-B 
curves at 1.5 and 2.3 eV are identical with each other, which means that the MCD 
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signals at 1.5 eV and 2.3 eV originate from the same ferromagnetic phase of GeFe.9  
Moreover, Fig. 2(c) shows that the shapes of the MCD-B curves are the same as that of 
the -M vs. B curve measured by SQUID.  This indicates that the M data measured by 
SQUID has the same origin as that induces the spin splitting of the energy band of GeFe.  
These results indicate that the origin of the ferromagnetism is the single FMS phase of 
GeFe.  In the Ge0.935Fe0.065 films grown at 280ºC, the shapes of the MCD-B curves at 
1.5 and 2.3 eV are not identical with each other (Fig. 2(d)), indicating that there are two 
or more magnetic phases in the film.  From the same analyses on other samples, we 
have found that the Ge1-xFex films grown with the range of TS from 160 to 260ºC have a 
single FMS phase for both of x = 0.065 and 0.105. 
Figure 3(a) shows the magnetic-field B dependence of the MCD intensity of the 
Ge0.935Fe0.065 film grown at TS = 240°C measured with the incident photon energy of 2.3 
eV at 5 K (blue curve), 80 K (violet curve), 100 K (yellow curve), and 110 K (red 
curve).  The inset shows the close-up view near zero magnetic field.  In Fig. 3(b), we 
have estimated TC by using the Arrott plots (MCD2 - B/MCD) of the MCD-B curves 
measured with the incident photon energy of 2.3 eV at various temperatures for the 
Ge0.935Fe0.065 film grown at TS = 240°C.  In the plots, we can estimate the square of the 
spontaneous MCD (∝ M) by extrapolating the data in the high magnetic field.  This 
method is well-established and convenient because it is free from the effect of the 
magnetic anisotropy which affects the low-magnetic-field properties and sometimes 
makes the accurate estimation of TC difficult.  The estimated TC is 100 K in this film, 
and we can see that the same TC value is obtained both in the hysteresis loop analysis in 
Fig. 3(a) and the Arrott plots in Fig. 3(b). 
Figure 4(a) shows the TS dependence of TC of the Ge0.935Fe0.065 (x=0.065) films 
grown at TS = 160 - 260ºC (blue points) and the Ge0.895Fe0.105 (x=0.105) films grown at 
TS = 200 - 260ºC (red squares).  When TS ≥ 280ºC (gray area), the GeFe films were 
phase-separated magnetically as mentioned above.  Here, we estimated the TC values 
by using the Arrott plot of MCD at 2.3 eV.  For both of x, the maximum TC is achieved 
when TS = 240ºC.  These maximum TC values (100 K in Ge0.935Fe0.065 and 170 K in 
Ge0.895Fe0.105) are about 1.4 times higher than those in the previous study5 (70 K in 
Ge0.94Fe0.06 and 120 K in Ge0.905Fe0.095).  The saturation magnetization MS, that was 
obtained by SQUID with a magnetic field of 1 T applied perpendicular to the film plane, 
in the Ge0.935Fe0.065 films grown at TS = 160ºC (TC = 20 K) and TS = 240ºC (TC = 100 K) 
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is ~0.7µB per one Fe atom and ~1.3µB per one Fe atom, respectively, where µB is the 
Bohr magneton.  These different MS values indicate that the density of the effective Fe 
atoms which contribute to the ferromagnetic ordering in the Ge0.935Fe0.065 film grown at 
TS = 240ºC is about twice higher than that in the Ge0.935Fe0.065 film grown at TS = 160ºC. 
 
IV. CRYSTALLOGRAPHIC ANALYSES 
Figure 5 shows (a) the XRD θ-2θ spectrum and (b) the XRD rocking curve of the 
GeFe (004) reflection of the Ge0.935Fe0.065 film grown at TS = 240ºC.  In Fig. 5(a), the 
(004) diffraction peak of the GeFe film is clearly seen on the higher-angle side of the 
Ge(004) peak with the clear fringes, which indicates that the film is a high-quality 
single crystal with an abrupt and smooth interface.  The excellent crystallinity of the 
Ge0.935Fe0.065 film grown at TS = 240ºC is also confirmed by the XRD rocking curve of 
the GeFe(004) reflection shown in Fig. 5(b) exhibiting a narrow full width at half 
maximum of 0.03º, which is comparable to that of the Ge substrate, 0.01º.10,11,12  
Figure 4(b) shows the TS dependence of the lattice constant that is estimated from the 
XRD spectra of the Ge0.935Fe0.065 (x=0.065) films grown at TS = 160 - 260ºC (blue 
points) and the Ge0.895Fe0.105 (x=0.105) films grown at TS = 200 - 260ºC (red squares).  
For both of x, the lattice constant is minimum at TS = 240ºC.  Figure 6 shows the lattice 
constant of the Ge0.935Fe0.065 films grown at TS = 160 - 260ºC (blue points) and the 
Ge0.895Fe0.105 films grown at TS = 200 - 260ºC (red squares), plotted as a function of TC.  
We see a universal relationship between the TC and the lattice constant, which does not 
depend on x.  The TC increases as the lattice constant of the GeFe films decreases. 
We employed c-RBS and c-PIXE to determine the position of the Fe atoms in 
the host Ge lattice.  Figure 7 shows our experimental configurations of the PIXE Fe 
Kα and the RBS angular scans in the {100} plane (a) around the <100> axis and (b) 
around the <110> axis.  The red dotted arrows represent the direction of the incident 
4He++ beam.  We measured the scattering yields as a function of the incident angle φ, 
that is defined as the angle between the crystal-axial (<100> or <110>) direction and the 
incident direction of an energetic ion beam of 4He++, by varying φ in a few degrees from 
0º.  Ideally, the scattering yields have a minimum value at φ=0º, where the incident 
beam is perfectly aligned in the crystal axis and the scattering is most suppressed, while 
they tend to increase and finally saturate when |φ| becomes larger than several 
degrees.13-16  We define !!(!) as the scattering yield originating from the element A 
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normalized by the averaged value of the scattering yields at |φ| ranging from 2.5 to 3º 
when the measurement is carried out around the d crystal-axial direction.  Also, !!"#! (!) is defined as the minimum value of !!(!), that is obtained at φ=0º.  Figure 
8(a) shows the schematic illustration of the possible sites that can be occupied in the 
diamond-type lattice structure, including the substitutional (or host) sites S (yellow 
spheres), the bond-center site BC (black sphere), the antibonding sites Q (violet 
spheres), the hexagonal site H (blue sphere), and the tetrahedral sites T (red 
spheres).17,18  Here, we refer to these sites as specific sites.  Figures 8(b) and 8(c) 
illustrate the locations of these specific sites when seen from the <100> and <110> 
directions, respectively.  We note that other sites that are equivalent to these specific 
sites are neglected in Fig. 8 for simplicity. 
Figure 9 shows the PIXE-Fe-Kα and RBS angular scans in the {100} plane around 
the <100> axis [(a) and (c)] and around the <110> axis [(b) and (d)] for the 
Ge0.935Fe0.065 films grown at (a) (b) TS = 160ºC and (c) (d) TS = 240ºC measured with a 
2.275-MeV-4He++ beam.  In all the graphs, the normalized yield has a minimum value 
at φ ≈ 0º, which indicates that a lot of Fe atoms are shadowed by the host atoms and that 
they are not visible to the beam along the <100> or <110> axial directions.  The 
important point is that !!"#!!""!(Fe) is almost the same as !!"#!!""!(Ge) in both samples 
[Fig. 9(a) and 9(c)].  This result indicates that most Fe atoms are located on the S or T 
sites because the specific sites which are shadowed by the host atoms in the <100> axial 
direction are only the S and T sites as we can see in Fig. 8(b).  We define fS+T as the 
sum of the densities of the Fe atoms located on the S and T sites divided by the total 
density of the Fe atoms.  We can roughly estimate fS+T by using the following equation 
with !!"#!!""!(Fe) and !!"#!!""!(Ge) obtained in the <100> axial direction:11 !S+T   = 1− / 1−   .   (1) 
By using eq. (1), fS+T in the Ge0.935Fe0.065 films grown at TS = 160ºC and TS = 240ºC is 
estimated to be 93% and 96%, respectively.  These results mean that, in the 
Ge0.935Fe0.065 films grown at TS = 160ºC and TS = 240ºC, the small fraction of 7% and 
4% of the doped Fe atoms is located on the sites other than the S or T sites.  The 
second important point is that !!"#!!!"!(Fe) is higher than !!"#!!!"!(Ge) in the both 
Ge0.935Fe0.065 films grown at TS = 160ºC [Fig. 9(b)] and TS = 240ºC [Fig. 9(d)].  As can 
be seen in Figs. 8(b) and 8(c), the Fe atoms on the T sites in the diamond lattice are 
(Fe)100min
><χ (Ge)100min
><χ
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shadowed by the host atoms in the <100> direction but are exposed in the <110> 
direction.  The atoms on the T sites are irradiated by the beam in all the φ range shown 
in Fig. 9(b) and 9(d).  It is known that the yields coming from the exposed atoms on 
the T sites are slightly enhanced in the vicinity of the <110> direction (φ ≈ 0º) due to 
the flux peaking effect,19 which has been well understood both theoretically20 and 
experimentally.21  The flux peaking effect is induced by the increase in the flux of the 
incident energetic ion beam near the T sites in the <110> direction.17,18,22  From the 
numerical calculation, the enhancement factor F for a surface layer, which is defined as 
the ratio of the intensity of the Fe-Kα-X-rays coming from the atoms on the T sites at 
φ=0º to that at |φ|=2º, has been estimated to be in the range of 1.8 - 2.2 in the <110> 
axes for a diamond cubic lattice.13,17  The ratio fT of the density of the Fe atoms on the 
T sites to the sum of those on the S and T sites can be roughly obtained from the <110> 
channeling results by the following equation:23    (Fe)110min ><χ = 1− !S+T + !S+T[!!T   + (Ge)110min ><χ (1− !T)]  .  (2) 
By eq. (2), fT in the Ge0.935Fe0.065 films grown at TS = 160ºC and TS = 240ºC is estimated 
to be 13-16% and 15-18%, respectively.  In the case of typical III-V-based FMS 
GaMnAs, the similar fractions of the Mn atoms on the T sites have been found,24,25 and 
it has been known that the density of the substitutional Mn atoms is correlated with TC, 
which means that they determine the ferromagnetic properties of GaMnAs films.26,27  
However, in the case of GeFe, we do not see a clear difference in the Fe density on the 
T sites between the two samples, which have the large difference in the TC values (20 K 
and 100 K for the films grown at TS = 160ºC and TS = 240ºC, respectively).  This 
indicates that the ferromagnetism in GeFe is not directly related to the density of the 
substitutional Fe atoms. 
 
V. DISCUSSION 
As described above, the fT values obtained in the Ge0.935Fe0.065 films grown at TS = 
160ºC and TS = 240ºC are almost the same, but the lattice constants (5.654 and 5.647 Å, 
respectively) and TC values (20 and 100 K, respectively) are different.  This difference 
in the lattice constant may be attributed to the difference in the density of the 
stacking-fault defects along the (111) plane observed in the GeFe films.5,6  In 
face-centered cubic crystals, the (004) diffraction peak shifts to the higher angle side 
with an increase in the density of the stacking-fault defects along the (111) plane.28,29,30  
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We observe many stacking-fault defects especially in the locally high-Fe-concentration 
regions.5  We think that the higher the TS is, the larger the non-uniformity of the Fe 
concentration becomes, which results in the increase in the density of the stacking-fault 
defects.  Thus, the difference in the lattice constant may reflect the difference in the 
non-uniformity of the Fe concentration, which is thought to be the origin of the 
difference in the MS and TC values in the GeFe films.31,32  When the non-uniformity of 
the Fe concentration is enhanced, the locally high-Fe-concentration regions may easily 
connect each other magnetically, resulting in higher TC.  In III-V and II-VI-based 
FMSs, such an increase in TC due to the enhancement of the non-uniformity of the 
magnetic impurities is predicted theoretically32 by the random phase approximation in 
the Heisenberg model.33,34  In fact, the TC value of the Ge0.895Fe0.105 film grown at TS = 
240°C is increased from 170 K to 220 K by the post-growth annealing at 500°C due to 
the enhancement of the non-uniformity of the Fe concentration,6 while a single 
ferromagnetic phase with the diamond-type crystal structure is kept in the film.  We 
note that the GeFe films have a single FMS phase which is confirmed by the MCD and 
SQUID measurements as mentioned in Sec. III, even though they have the 
non-uniformity of the Fe concentration.  This means that, once ferromagnetism 
appears, the locally high-Fe-concentration regions and low-Fe-concentration regions are 
magnetically coupled by the s,p-d exchange interaction, which is confirmed by the 
enhancement of the E1 peak in the MCD spectra (Fig. 2(a)). 
 
VI. SUMMARY 
We have studied the TS dependence of the Ge1-xFex films with x = 0.065 and 0.105, 
and observed continuous changes in TC and in the lattice constant as a function of TS.  
The TC value increases with the decrease in the lattice constant, and the relationship 
between TC and the lattice constant does not depend on x.  The TC reaches maximum 
values of 100 and 170 K when TS = 240ºC for x = 0.065 and 0.105, respectively.  
These maximum TC values are about 1.4 times higher than those grown at 200ºC in the 
previous study.5  By using c-RBS and c-PIXE characterizations, we have found that 
the small fraction of 7% and 4% of the doped Fe atoms are located on the sites other 
than the S or T sites in the Ge0.935Fe0.065 samples with TC of 20 and 100 K, respectively.  
Among the Fe atoms located on the S and T sites, 13-16% and 15-18% of them exist on 
the T sites in the Ge0.935Fe0.065 films with the different TC values of 20 and 100 K, 
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respectively.  By considering these results, we suggest that the non-uniformity of the 
Fe concentration plays an important role in determining the ferromagnetic properties of 
the GeFe films.  The influences of the tetrahedral interstitial magnetic impurities on 
the ferromagnetic properties are completely different between GeFe and GaMnAs. 
 
ACKNOWLEDGEMENTS 
This work was partly supported by Giant-in-Aids for Scientific Research including 
Specially Promoted Research, Project for Developing Innovation Systems of MEXT, 
and FIRST program of JSPS. 
 10 
References
 
1 Y. Shuto, M. Tanaka, and S. Sugahara, Jpn. J. Appl. Phys. 47, 7108 (2008). 
2 Y. Ban, Y. Wakabayashi, R. Akiyama, R. Nakane, and M. Tanaka, arXiv:1405.2764 
(2014). 
3 Y. Shuto, M. Tanaka, and S. Sugahara, J. Appl. Phys. 99, 08D516 (2006). 
4 Y. Shuto, M. Tanaka, and S, Sugahara, Phys. Stat. Sol. (c) 3, 4110 (2006). 
5 Y. Shuto, M. Tanaka, and S, Sugahara, Appl. Phys. Lett. 90, 132512 (2007). 
6 Y. Wakabayashi, Y. Ban, S. Ohya and M. Tanaka, arXiv:1402.7209 (2014). 
7 K. Ando, T. Hayashi, M. Tanaka, and A. Twardowski, J. Appl. Phys. 83, 6548 
(1998). 
8 K. Ando, H. Saito, V. Zayets and M. C. Debnath, J. Phys.: Condens. Matter 16, 
S5541 (2004). 
9 H. Saito, V. Zayets, S. Yamagata, and K. Ando, Phys. Rev. Lett. 90, 207202 (2003). 
10 E. H. C. P. Sinnecker, G. M. Penello, T. G. Rappoport, M. M. Sant’ Anna, D. E. R. 
Souza, and M. P. Pires, Phys. Rev. B 81, 245203 (2010). 
11 A. Lemaitre, A. Miard, L. Travers, O. Mauguin, L. Largeau, C. Gourdon, V. Jeudy, 
M. Train and J. -M. George, Appl. Phys. Lett. 93, 021123 (2008). 
12 S. W. Jung, S. -J. An, G. -C. Yi, C. U. Jung, S. -L. Lee, and S. Cho, Appl. Phys. Lett. 
80, 4561 (2002). 
13 L. C. Feldman, J. W. Mayer, and S. T. Picraux, Materials Analysis by Ion 
Channeling (Academic, New York, 1982). 
14 H. Krause, M. Lux, E. Nowak, J. Vogt, R. Flagmeyer, G. Kuhn, and G. Otto, Phys. 
Stat. Sol. (a) 132, 295 (1992). 
15 S. Kuroda, S. Marcet, E. B. –Amalric, J. Cibert, H. Mariette, S. Yamamoto, T. Sakai, 
T. Ohshima, and H. Itoh, Phys. Stat. Sol. (a) 203, 1724 (2006). 
16 T. Niermann, D. Mai, M. Roever, M. Kocan, J. Zenneck, J. Malindretos, A. Rizzi, 
and M. Seibt, J. Appl. Phys. 103, 073520 (2008). 
17 B. B. Nielsen, J. U. Anderson, and S. J. Pearton, Phys. Rev. Lett. 60, 321 (1988). 
18 B. B. Nielsen, Phys. Rev. B 37, 6353 (1988). 
19 V. V. Beloshitsky, F. F. Komarov, and M. A. Kumakhov, Phys. Rep. 6, 293 (1986). 
20 M. A. Kumakhov, Phys. Lett. 32, 538 (1970). 
21 B. Domeij, G. Flada, and N. G. E. Johanson, Rad. Eff. 6, 155 (1970). 
22 R. B. Alexander, P. T. Callaghan, and J. M. Poate, Phys. Rev. B 9, 3022 (1974). 
23 K. M. Yu, W. Walukiewicz, L. Y. Chan, R. Leon, E. E. Haller, J. M. Jaklevic, and C. 
M. Hanson, J. Appl. Phys. 74, 86 (1993). 
24 K. M. Yu, W. Walukiewicz, T. Wojtowicz, I. Kuryliszyn, X. Liu, Y. Sasaki, and J. K. 
Furdyna, Phys. Rev. B 65, 201303 (2002). 
25 K. M. Yu, W. Walukiewicz, T. Wojtowicz, J. Denlinger, M. A. Scarpulla, X. Liu, 
and J. K. Furdyna, Appl. Phys. Lett. 86, 042102 (2005). 
26 L. X. Zhao, C. R. Staddon, K. Y. Wang, K. W. Edmonds, R. P. Campion, B. L. 
Gallagher, and C. T. Foxon, Appl. Phys. Lett. 86, 071902 (2005). 
27 Y. Takeda, M. Kobayashi, T. Okane, T. Ohkochi, J. Okamoto, Y. Saitoh, K. 
Kobayashi, H. Yamagami, A. Fujimori, A. Tanaka, J. Okabayashi, M. Oshima, S. Ohya, 
P. N. Hai, and M. Tanaka, Phys. Rev. Lett. 100, 247202 (2008). 
28 M. S. Paterson, J. Appl. Phys. 23, 805 (1952). 
 
 11 
 
29 S. K. Pradhan and M. De, J. Appl. Phys. 64, 2324 (1988). 
30 D. Rafaja, C. Krbetschek, D. Borisova, G. Schreiber, and V. Klemm, Thin Solid 
Films 530, 105 (2013). 
31 L. Bergqvist, O. Eriksson, J. Kudrnovsky, V. Drchal, P. Korzhavyi, and I. Turek, 
Phys. Rev. Lett. 93, 137202 (2004). 
32 K. Sato, H. Katayama-Yoshida, and P. H. Dederichs, Jpn. J. Appl. Phys. 44, L948 
(2005). 
33 S. Hibert and W. Nolting, Phys. Rev. B 70, 165203 (2004). 
34 G. Bouzerar, T. Ziman, and J. Kudrnovsky, Europhys. Lett. 69, 812 (2005). 
 12 
Fig. 1. (a) Schematic structure of the samples consisting of Ge cap (2 nm) / Ge1-xFex 
(120 nm) / Ge buffer (30 nm) / Ge(001) substrate.  (b)-(d) In-situ reflection 
high-energy electron diffraction (RHEED) patterns of (b) the Ge buffer layer surface, 
(c) 120-nm-thick Ge0.935Fe0.065 layer surface grown at TS = 240°C, and (d) 2-nm-thick 
Ge capping layer surface with the electron-beam azimuth along the <110> direction of 
the Ge (001) substrate. 
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Fig. 2. (a) MCD spectra of the Ge substrate (blue curve), of the Ge0.935Fe0.065 (x = 0.065) 
films grown at TS = 160ºC (violet curve) and TS = 240ºC (green curve), and of the 
Ge0.895Fe0.105 (x = 0.105) films grown at TS = 200ºC (brown curve) and TS = 240ºC (red 
curve), with a magnetic field B of 1 T applied perpendicular to the film plane at 5 K.  
(b)-(d) MCD intensity as a function of B measured at 5 K with the photon energies of 
1.5 eV (black curve) and 2.3 eV (red dotted curve) for the Ge0.935Fe0.065 films grown at 
(b) TS = 160ºC, (c) TS = 240ºC, and (d) TS = 280ºC.  In (c), the green dotted curve 
expresses the B dependence of -M measured by SQUID. 
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Fig. 3. (a) MCD intensity as a function of B of the Ge0.935Fe0.065 film grown at TS = 
240°C measured with the incident photon energy of 2.3 eV at 5 K (blue curve), 80 K 
(violet curve), 100 K (yellow curve), and 110 K (red curve). The inset shows the 
close-up view near zero magnetic field.  (b) Arrott plots of the MCD-B data measured 
with the incident photon energy of 2.3 eV at various temperatures for the Ge0.935Fe0.065 
film grown at TS = 240°C. 
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Fig. 4. (a) Curie temperature TC as a function of TS of the Ge0.895Fe0.105 films (blue 
points) and Ge0.895Fe0.105 films (red squares), that were estimated by the Arrott plots 
(MCD2 - B/MCD) with the photon energy of 2.3 eV, where B is the magnetic field.  (b) 
Lattice constant as a function of TS of the Ge0.935Fe0.065 (x=0.065) films grown at TS = 
160-260ºC (blue points) and the Ge0.895Fe0.105 (x=0.105) films grown at TS = 200-260ºC 
(red squares). 
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Fig. 5. XRD (a) θ-2θ spectrum and (b) rocking curve of the GeFe (004) reflection of the 
Ge0.935Fe0.065 film grown at TS = 240ºC. 
 
 
Fig. 6. Lattice constant estimated from the XRD spectra plotted as a function of TC in 
the Ge0.895Fe0.105 films (blue points) and the Ge0.895Fe0.105 films (red squares). 
 
  
 17 
 
Fig. 7. Experimental configurations of the PIXE Fe Kα and RBS angular scans in the 
{100} plane (a) around the <100> axis and (b) around the <110> axis.  The (red) 
dotted arrows represent the direction of the incident 4He++ beam, and φ represents the 
angle between the incident beam direction and the axial direction. 
 
 
Fig. 8. (a) Schematic illustration of the possible specific sites in the diamond-type 
lattice structure, including the substitutional sites S (yellow spheres), the bond-center 
site BC (black sphere), the antibonding sites Q (violet spheres), the hexagonal site H 
(blue sphere), and the tetrahedral sites T (red spheres).  (b),(c) The location of the 
specific sites when seen from the (b) <100> and (c) <110> directions. 
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Fig. 9. PIXE-Fe-Kα (red points) and RBS (red squares) angular scans around (a) (c) the 
<100> axis and (b) (d) the <110> axis for the Ge0.935Fe0.065 films grown at (a) (b) TS = 
160ºC and (c) (d) TS = 240ºC. 
 
